† Background and Aims In order to cope with arid environments, the xerohalophyte Zygophyllum xanthoxylum efficiently compartmentalizes Na + into vacuoles, mediated by ZxNHX, and maintains stability of K + in its leaves. However, the function of ZxNHX in controlling Na + and K + homeostasis at the whole-plant level remains unclear. In this study, the role of ZxNHX in regulating the expression of genes involved in Na + and K + transport and spatial distribution was investigated. † Methods The role of ZxNHX in maintaining Na + and K + homeostasis in Z. xanthoxylum was studied using posttranscriptional gene silencing via Agrobacterium-mediated transformation. Transformed plants were grown with or without 50 mM NaCl, and expression levels and physiological parameters were measured. † Key Results It was found that 50 mM NaCl induced a 620 % increase in transcripts of ZxSOS1 but only an 80 % increase in transcripts of ZxHKT1;1 in roots of wild-type (WT) plants. Consequently, the ability of ZxSOS1 to transport Na + exceeded that of ZxHKT1;1, and Na + was loaded into the xylem by ZxSOS1 and delivered to the shoots. However, in a ZxNHX-silenced line (L7), the capacity to sequester Na + into vacuoles of leaves was weakened, which in turn regulated long-distance Na + transport from roots to shoots. In roots of L7, NaCl (50 mM) increased transcripts of ZxSOS1 by only 10 %, whereas transcripts of ZxHKT1;1 increased by 53 %. Thus, in L7, the transport ability of ZxHKT1;1 for Na + outweighed that of ZxSOS1. Na + was unloaded from the xylem stream, consequently reducing Na + accumulation and relative distribution in leaves, but increasing the relative distribution of Na + in roots and the net selective transport capacity for K + over Na + from roots to shoots compared with the WT. Silencing of ZxNHX also triggered a downregulation of ZxAKT1 and ZxSKOR in roots, resulting in a significant decrease in K + accumulation in all the tissues in plants grown in 50 mM NaCl. These changes led to a significant reduction in osmotic adjustment, and thus an inhibition of growth in ZxNHX-silenced lines. † Conclusions The results suggest that ZxNHX is essential for controlling Na + , K + uptake, long-distance transport and their homeostasis at whole-plant level via feedback regulation of the expression of genes involved in Na + , K + transport. The net result is the maintenance of the characteristic salt accumulation observed in Z. xanthoxylum and the regulation of its normal growth. A model is proposed for the role of ZxNHX in regulating the Na + transport system in Z. xanthoxylum under saline conditions.
INTRODUCTION
Drought and salinity are two major abiotic stresses constraining agricultural expansion onto uncultivated land and limiting crop productivity worldwide (Martínez et al., 2003; Flowers, 2004; Yamaguchi and Blumwald, 2005; Shabala, 2013) . Approximately one-third of the earth's land surface is threatened by drought, and 30 % of the irrigated areas worldwide have suffered salinity problems (Martínez et al., 2003; Chaves et al., 2009) . Most crops are very sensitive to drought and salinity: both generate osmotic stress and a disequilibrium in intracellular ion homeostasis, resulting in cell membrane dysfunction and attenuation of metabolic activity, leading to growth inhibition and even plant death (Munns and Tester, 2008; Zhang et al., 2013) . However, xerophytes grown in arid regions and halophytes in saline regions have developed various protective mechanisms for maintaining Na + and K + homeostasis to adapt to these harsh environments (Wang et al., 2004a; Flowers and Colmer, 2008; Zhang et al., 2010; Kronzucker and Britto, 2011; Janz and Polle, 2012; Shabala, 2013) . Therefore, there is increasing interest in studying the physiological and molecular mechanisms involved in the responses of xerohalophytes to drought and salinity (Yamaguchi and Blumwald, 2005; Shabala, 2013) . Zygophyllum xanthoxylum, a perennial fodder shrub that colonizes arid areas in China and Mongolia, is a salt-accumulating succulent plant with excellent adaptability to adverse arid environments (Liu et al., 1987 (Liu et al., , 1988 Wu et al., 2011; Ma et al., 2012; Yue et al., 2012) . Our previous studies showed that Z. xanthoxylum can accumulate larger quantities of Na + than K + for osmotic adjustment even from low salt soils (Wang et al., 2004a) . Further investigations revealed that Z. xanthoxylum responded to salt with increased growth and, moreover, became more tolerant to drought in the presence of moderate salinity; the increased tolerance was closely related to high Na + accumulation in leaves (Ma et al., 2010; Yue et al., 2012) . Ma et al. (2012) found that the Na + concentration in leaves of Z. xanthoxylum was significantly higher (by 64 %) under water deficit than that under well-irrigated conditions and, again under water deficit, was 2 . 3-fold higher in the presence of additional 50 mM NaCl than in its absence. Accordingly, the contribution of Na + to the total osmotic potential varied from 8 % in plants under well-irrigated conditions to 13 % in plants subjected to water deficit and, remarkably, to 28 % in plants grown in the presence of 50 mM NaCl under water deficit . These findings indicated that Z. xanthoxylum could absorb a large quantity of Na + which was efficiently transported to the leaves, reducing the osmotic potential of cells and increasing the water uptake capacity.
It is well known that high [Na + ] ext can disturb K + uptake, and hence induce K + deficiency and growth inhibition for many glycophytes: excess Na + can replace K + at enzyme binding sites due to similarities in their ionic radii and ion hydration energies, with metabolic consequences (Maathuis and Amtmann, 1999; Wang et al., 2004b; Kronzucker et al., 2006; Shabala and Cuin, 2008; Horie et al., 2009; Wang et al., 2009; Zhang et al., 2013) . However, in Z. xanthoxylum, although the Na + concentration in leaves increased significantly under salt treatment and drought, the K + concentration in leaves decreased only slightly under salt treatment and remained unchanged under drought (Wu et al., 2011; Ma et al., 2012) . These results suggest that Z. xanthoxylum has a strong ability to regulate Na + and K + homeostasis, thus maintaining plant growth when subjected to drought and salinity. In leaves, compartmentalization of Na + into the vacuoles from the cytosol is a particularly important mechanism not only for improving osmotic adjustment to cope with drought or osmotic stress but also for reducing Na + toxicity in the cytosol under salinity stress (Munns and Tester, 2008; Shabala, 2013) . The tonoplast Na + /H + antiporters, NHXs, have been suggested to play an important role in sequestration of Na + into vacuoles to minimize the cytoplasmic Na + concentration (Apse et al., 1999; Brini et al., 2007; Bao et al., 2014) . Many studies in which NHX genes from various plants species have been overexpressed have shown an increase in salt tolerance (Munns and Tester, 2008) . Recent research indicated that AtNHX1 and AtNHX2 in Arabidopsis mediated K + sequestration into the vacuoles (Leidi et al., 2010; Bassil et al., 2011; Barragán et al., 2012; Andrés et al., 2014) . Wu et al. (2011) cloned ZxNHX, the NHX homologous gene from Z. xanthoxylum, and found a positive correlation between upregulation of ZxNHX and Na + accumulation in leaves of Z. xanthoxylum exposed to salt and drought, suggesting that ZxNHX plays important roles in Na + accumulation under these conditions (Wu et al., 2011) . Janz and Polle (2012) have systematically highlighted the contribution of Na + in regulating water balance at both the cellular and whole-plant level during the response of Z. xanthoxylum to salt and drought. However, so far the function of NHX proteins has been identified and characterized mainly at a cell or tissue level; its role in regulating Na + and K + homeostasis at the whole-plant level remained unclear.
In the current study we have evaluated, using post-transcriptional gene silencing, the role of ZxNHX in Na + and K + homeostasis and growth of Z. xanthoxylum. The phenotypes, photosynthesis, Na + and K + accumulation and synergistic responses of ZxSOS1, ZxHKT1;1, ZxAKT1 and ZxSKOR in wild-type (WT) and ZxNHX-silenced lines were investigated. The results indicate that ZxNHX plays vital roles in controlling ion uptake and the spatial distribution of Na + and K + , and hence maintaining Na + and K + homeostasis, thereby regulating plant growth.
MATERIALS AND METHODS

Plant materials and growth conditions
Seeds of Zygophyllum xanthoxylum were collected from wild plants in the Alxa Desert in the Inner Mongolia Autonomous Region, China (39805 ′ N, 105834 ′ E; elevation 1360 m). After removal of the bracts, seeds were surface sterilized for 1 min in 75 % ethanol (v/v) and rinsed three times with distilled water and then germinated at 25 8C in the dark on filter paper wetted with distilled water. When the plumule emerged, uniform seedlings were transplanted into plugged holes in plastic containers (5 × 5 × 5 cm, one seedling per container) filled with vermiculite irrigated with modified Hoagland nutrient solution containing 2 mM KNO 3 , 0 . ) and relative humidity was about 65 %. Three-week-old plants were used for genetic transformation (Ma et al., 2014) .
RNA interference silencing of ZxNHX
Plasmid construction was performed using the procedure described by Ma et al. (2014) with a slight modification. Stable gene silencing via Agrobacterium-mediated transformation was performed using a pHANNIBAL vector (Wesley et al., 2001) designed for producing a hairpin RNA construct of ZxNHX. A 542 bp fragment (nucleotides 421-962) was obtained using primers P1 (Supplementary Data Table S1 : XbaI and XhoI restriction sites underlined) and P2 (Table S1 : HindIII and KpnI restriction sites underlined). The whole NotI cassette bearing the RNA interference (RNAi) construct was sub-cloned into the corresponding site of the binary vector pART27, under the control of the Cauliflower mosaic virus (CaMV) 35S promoter, which was introduced into Agrobacterium tumefaciens strain GV3101 cells and used for plant transformation of Z. xanthoxylum.
The transformation was performed using the procedure of Weeks et al. (2008) with a slight modification. Briefly, after the cotyledons of 3-week-old seedlings expanded and the apical node emerged, a cotyledon and the apical node were excised and the wound covered with cotton wool which had been dipped in Agrobacterium suspension. The Agrobacterium suspension was obtained using the procedure described by Ma et al. (2014) . For the WT control, the Agrobacterium Yuan et al. -ZxNHX controls Na + and K + homeostasis in Zygophyllum xanthoxylumsuspension was replaced by distilled water. After 3 h, seedlings were put in the dark for 3 d. Thereafter, seedlings were transferred into a greenhouse and irrigated with modified Hoagland nutrient solution as described above. Five days later, a new apical node emerged from the wound region and formed new shoots 4 weeks later. Individual plants of the WT and each RNAi transgenic line were obtained by propagation from stem cuttings: stem sections with two nodes were excised using a sharp razor blade and the base placed into moist vermiculite under a photoperiod of 16/8 h (light/dark) at 25 + 2 8C and 90 + 5 % relative humidity in a growth chamber, and irrigated with modified Hoagland nutrient solution. After about a week, when the adventitious roots formed, seedlings were taken out of the growth chamber and grown in the greenhouse for 3 weeks. The transformed plants were screened by a PCR assay using pHANNIBAL-specific primers and DNA obtained from leaves in order to detect the presence of the RNAi construct. Positive plants were selected to study the ZxNHX expression level by semi-quantitative reverse transcription -PCR (RT -PCR). Four-week-old plants were used for the following treatments. Plants were treated (1) with modified Hoagland nutrient solution as a control or (2) with modified Hoagland nutrient solution supplemented with 50 mM NaCl. Treatment solutions were changed every day to maintain a constant ion concentration. After 48 h, plants were harvested and total RNA was extracted with a Trizol Kit (Sangon Biotech Co., Ltd, Shanghai, China) following the manufacturer's instructions. RNA samples were quantified by absorbance at 260 nm, and the purity was assessed by the 260/280 nm ratio and on a 1 . 0 % (w/v) agarose gel stained with ethidium bromide (EtBr). First-strand cDNA was synthesized from 4 mg of total RNA with MMLV reverse transcriptase (Sangon Biotech Co., Ltd). Semi-quantitative RT -PCR was performed with the primer pairs P3 and P4 (Supplementary Data  Table S1 ), which yielded a fragment of 580 bp. ACTIN was used as the internal control in the semi-quantitative RT -PCR. The specific primers of ACTIN that amplified a 598 bp fragment were A1 and A2 (Table S1 ), designed according to the cDNA sequence of ACTIN from Z. xanthoxylum (GenBank accession no. EU019550). PCR products were separated on 1 . 2 % (w/v) agarose gels containing EtBr and visualized by AlphaImager (ProteinSimple Inc., Santa Clara, CA, USA) for subsequent analysis. The ratios of the quantity of mRNA for ZxNHX to that for ACTIN were calculated, and results reflect the relative expression level. Experiments were repeated at least three times.
Two ZxNHX-silenced lines (L2 and L7, obtained from cuttings as described above) with differently reduced expression levels of ZxNHX were chosen for further real-time quantitative PCR analysis. Total RNA samples were extracted from leaves, stems and roots of the WT, L2 and L7, respectively, and firststrand cDNA samples were used for real-time quantitative PCR, which was performed on a thermal cycler (ABI PRISM 7500, USA). A specific fragment (170 bp) of ZxNHX was amplified with a pair of primers P5 and P6 (Supplementary Data  Table S1 ). ZxACTIN (GenBank accession no. EU019550) was used for RNA normalization; the specific primers of ZxACTIN that amplified a 176 bp fragment were A3 and A4 (Table S1 ). SYBR Green PCR master mix (Takara, Biotech Co., Ltd, Dalian, China) was used for 20 mL PCRs as follow: 95 8C for 30 s, and 40 cycles of 95 8C for 5 s and 60 8C for 34 s. Each sample was assayed three times. The relative expression levels (RELs) of each samples were estimated according to the following equation as described by Livak and Schmittgen (2001) : REL ¼ 2 -ddCt , where the ddCt value was the dCt value of ZxNHX in each sample minus the dCt value of the calibrator. The dCt value of ZxNHX came from the difference between the Ct value of ZxNHX and the Ct value of ZxACTIN in each sample. The dCt value of the calibrator was the mean value that came from the difference between the Ct value of ZxNHX and the Ct value of ZxACTIN in a sample of the WT under control conditions. The Ct value of ZxNHX and ZxACTIN in samples was obtained from the thermal cycler (ABI PRISM 7500, USA).
Determination of growth, water use efficiency, photosynthesis and osmotic potential Individual plants of the WT, L2 and L7 were obtained by propagation from stem cuttings (ramets) as described above. For physiological analysis, plants were treated with modified Hoagland nutrient solution supplemented or not with 50 mM NaCl for 7 d. Roots were washed twice for 8 min in ice-cold 20 mM CaCl 2 to exchange cell wall-bound Na + ; leaves and stems were rinsed in deionized water to remove surface salts (Wang et al., 2007) and then tissue fresh weights were determined. Tissues were then immediately dried in an oven at 80 8C. After 72 h, tissue dry weights were measured. Leaf tissue water content was calculated using the following formula: water content ¼ (f. wtd. wt)/d. wt, where f. wt is leaf fresh weight and d. wt is leaf dry weight.
Leaf area was estimated by the Epson Perfection 4870 photo scanner (Epson America Inc., Long Beach, CA, USA).
Net photosynthesis rate (P n ), stomatal conductance (g s ) and transpiration rate (T r ) were measured using an automatic photosynthetic measuring apparatus (GFS-3000; Heinz Walz GmbH, Germany) in the greenhouse. The instantaneous water use efficiency (WUE) was estimated using the formula: WUE ¼ P n /g s (Liu et al., 2005) .
For the leaf osmotic potential (C s ), leaf samples were frozen in liquid nitrogen. Cell sap was collected by thawing slowly and then C s was determined using a cryoscopic osmometer (Osmomat-030, Gonotec GmbH, Berlin, Germany) at 24 8C.
The readings (mmol kg
21
) were used to calculate the solute potential (C s ) in MPa with the formula C s ¼ -mol of solute × R × K, where R ¼ 0 . 008314 and K ¼ 298 . 8.
Assay of Na
+ and K + concentration and calculation of net Na + uptake rate, Na + and K + relative distribution in tissues and the net selective transport capacity for K + over Na + (ST) Na + and K + were extracted from dried plant tissues in 100 mM acetic acid at 90 8C for 2 h. Ion analysis was performed using a flame spectrophotometer (2655 -00, Cole-Parmer Instrument Co., Vernon Hills, IL, USA).
Net Na + uptake rate was calculated according to the following equation as described by Wang et al. (2009) : net Na + uptake rate (nmol g f. wt -1 min -1 ) ¼ (D whole-plant Na + content between salt-treated plants and BT plant)/root f. wt/D time, where BT indicates before treatments (Guo et al., 2012; Ma et al., 2014) .
The relative distribution of Na + (or K + ) in different tissues was estimated by the formula: Na
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) content in the whole plant (Ma et al., 2014) .
The contributions of Na + and K + to leaf osmotic potential (C s ) were estimated by the formula C ¼ COP/C s × 100 % (Guerrier, 1996) , where COP (calculated osmotic potential) was the C s values of Na + and K + calculated by the Van't Hoff equation as described by Guerrier (1996) : COP ¼ -nRT; here n is the number of solute molecules.
The net selective transport capacity for K + over Na + (ST) from roots to shoots was estimated according to the following equation: (Wang et al., 2004b (Wang et al., , 2009 Guo et al., 2012; Ma et al., 2014 ).
Analysis of the expression level of ZxSOS1, ZxHKT1;1, ZxAKT1 and ZxSKOR in roots of Z. xanthoxylum Four-week-old WT and ZxNHX-silenced lines (L2, L7) of Z. xanthoxylum were treated with modified Hoagland nutrient solution supplemented or not with 50 mM NaCl for 48 h, then roots were harvested and first-strand cDNA was synthesized by the procedures described above. The expression level of ZxSOS1, ZxHKT1;1, ZxAKT1 and ZxSKOR was analysed by real-time quantitative PCR as described above. A specific fragment (158 bp) of ZxSOS1 was amplified with a pair of primers P7 and P8; the ZxHKT1;1-specific fragment (101 bp) was amplified with primers P9 and P10; the ZxAKT1-specific fragment (111 bp) was amplified with primers P11 and P12; and the ZxSKOR-specific fragment (140 bp) was amplified with primers P13 and P14 (Supplementary Data Table S1 ). Experiments were repeated at least three times.
Data analysis
Results of growth, ion concentrations and gene expression level are presented as means with standard deviation, and data analysis was performed by one-way analysis of variance (ANOVA) using SPSS 13 . 0 statistical software (SPSS Inc., Chicago, IL, USA). Duncan's multiple range test was used to detect a difference between means at a significance level of P , 0 . 05.
RESULTS
ZxNHX silencing induced a significant inhibition of the growth of Z. xanthoxylum Thirteen transgenic lines harbouring the RNAi construct were identified (data not shown). Since the transcript of ZxNHX was preferentially expressed in leaves and significantly induced by 50 mM NaCl (Wu et al., 2011) , the expression levels of ZxNHX in leaves of each transgenic line treated with 50 mM NaCl for 48 h were determined by semi-quantitative RT -PCR (data not shown). Of the 13 positive lines, two ZxNHX-silenced lines (L2 and L7) with different (reduced) expression levels of ZxNHX were chosen for further analysis. The expression levels of ZxNHX in root, stem and leaf tissue of L2 and L7 were further determined by real-time quantitative PCR after plants were treated with 50 mM NaCl for 48 h. As expected, the expression of ZxNHX was induced by 50 mM NaCl in all tissues in the WT, L2 and L7; when grown in 50 mM NaCl, the expression level of ZxNHX in leaves was lower than that of the WT by 8 % for L2 and 45 % for L7 (Fig. 1A) , and reduced by 16 and 32 % in stems (Fig. 1B) and by 28 and 59 % in roots (Fig. 1C) for L2 and L7, respectively, in comparison with the WT. Even under control conditions (no additional NaCl), the expression level of ZxNHX in roots was lower by 41 % for L2 and by 62 % for L7 than in the WT (Fig. 1C) , indicating that the expression of ZxNHX in all tissues was, to various extents, reduced by RNAi in each transgenic line (Fig. 1) . Yuan et al. -ZxNHX controls Na + and K + homeostasis in Zygophyllum xanthoxylum Page 4 of 13 Phenotypically, ZxNHX-silenced lines differed significantly from the WT under salt treatment and even under control conditions ( Fig. 2A) . The silencing of ZxNHX triggered a significant reduction in plant dry weight (decreased by 27 % in L7) before treatment with 50 mM NaCl (Fig. 2 B) . Under control conditions, dry weight and leaf area of L7 both decreased, by 29 and 19 %, respectively, in comparison with the WT (Fig. 2B, C) . Salt treatment (50 mM NaCl) significantly increased dry weight only in the WT compared with its control (Fig. 2B) .
We investigated the difference in photosynthetic activities between the WT and ZxNHX-silenced lines. Under control conditions, WUE, net photosynthesis rate (P n ), transpiration rate (T r ) and stomatal conductance (g s ) in ZxNHX-silenced lines, especially in L7 which had the highest ZxNHX silencing efficiency, were significantly lower than those in the WT (Fig. 3A-D) ; the addition of 50 mM NaCl significantly enhanced WUE, P n , T r and g s in the WT but only increased T r and g s in L7 (Fig. 3A-D) . In 50 mM NaCl, WUE, P n , T r and g s were 77, 80, 10 and 37 % lower in L7 than in the WT (Fig. 3A -D) .
Under control conditions, although osmotic potential (C s ) in leaves of L7 was lower (6 . 0 %) than in those of the WT, no significant difference was observed in leaf tissue water content Yuan et al. -ZxNHX controls Na + and K + homeostasis in Zygophyllum xanthoxylumbetween L7 and the WT (Table 1) . Interestingly, in 50 mM NaCl, L7 possessed a significantly increased C s in leaves but a significantly reduced (48 %) leaf tissue water content compared with the WT (Table 1) . These results indicated that ZxNHX silencing significantly inhibited the growth of Z. xanthoxylum under both normal and saline conditions. ZxNHX silencing altered Na + and K + accumulation, uptake and partitioning in plant tissues under saline conditions
We investigated Na + and K + accumulation, uptake and partitioning in plant tissues. No significant difference in Na + and K + concentrations in any tissues was observed between the WT and ZxNHX-silenced lines under control conditions (Fig. 4A-F) . The addition of 50 mM NaCl significantly increased Na + concentrations but did not affect K + concentrations in any tissues in the WT (Fig. 4A-F) . Na + concentrations only increased by a relatively small degree in leaves and roots (Fig. 4A-C) but K + concentrations significantly decreased in all tissues in ZxNHX-silenced lines under 50 mM NaCl compared with controls ( Fig. 4D-F) .
Under control conditions, no significant difference in net Na + uptake rate and Na + relative distribution in different tissues was found between the WT and ZxNHX-silenced lines, but L7 exhibited a higher relative distribution of K + in roots (by 23 %) than the WT (Fig. 5A-C) . The addition of 50 mM NaCl significantly increased the net Na + uptake rate in both WT and ZxNHX-silenced lines, but to a lesser degree in L7 than in the WT (Fig. 5A) ; under 50 mM NaCl, L7 exhibited a 40 % lower net Na + uptake rate than the WT (Fig. 5A) . When grown in 50 mM NaCl, the relative distribution of Na + in roots and stems of L7 significantly increased by 25 and 54 %, respectively, but decreased by 10 % in leaves compared with the WT (Fig. 5B) . The relative distribution of K + in roots of L7 was 23 % lower than in the WT (Fig. 5C) .
Under control conditions, there was no significant difference in the K + /Na + ratio in shoots and roots and net selective transport capacity for K + over Na + from roots to shoots (ST value) between the WT and ZxNHX-silenced lines (Fig. 6) . NaCl (50 mM) triggered a significant decrease in the K + /Na + ratio in shoots and roots of both the WT and ZxNHX-silenced lines ( Fig. 6A, B) , but L7 exhibited a higher K + /Na + ratio (by 30 %) in shoots and a lower K + /Na + ratio (by 31 %) in roots compared with the WT in 50 mM NaCl (Fig. 6A, B) . The addition of 50 mM NaCl significantly reduced the ST value in the WT but increased the ST value in ZxNHX-silenced lines (Fig. 6C) . ZxNHX silencing altered the expression level of genes involved in Na + and K + uptake and transport in roots of Z. xanthoxylum
All the results in the previous section suggested that ZxNHX regulates long-distance transport of Na + and K + in Z. xanthoxylum. To explore further the possible molecular mechanisms underlying these observations, the expression levels of genes involved in uptake and transport of Na + and K + were analysed in the WT and ZxNHX-silenced lines growing in 50 mM NaCl.
ZxSOS1, encoding a plasma membrane Na + /H + antiporter, has been proposed as an important transporter for long-distance movement of Na + from roots to shoots and spatial distribution of Na + in Z. xanthoxylum (Ma et al., 2014) . In the present work, under control conditions, the expression level of ZxSOS1 in roots of ZxNHX-silenced lines was the same as that in the WT; the addition of 50 mM NaCl significantly increased the expression level of ZxSOS1 in roots by 620 % in the WT but only by 10 % in L7, respectively, compared with plants in the Yuan et al. -ZxNHX controls Na + and K + homeostasis in Zygophyllum xanthoxylumabsence of salt; under 50 mM NaCl, the expression level of ZxSOS1 in roots was lower by 41 % in L2 and by 85 % in L7 than that in the WT (Fig. 7A) . These results suggest that ZxNHX silencing triggered a significant downregulation of ZxSOS1 in roots of Z. xanthoxylum under saline conditions. The high-affinity K + transporter (HKT) is proposed to play a crucial role in controlling Na + and K + homeostasis in shoots (Hauser and Horie, 2010) . In Arabidopsis, as well as a direct and vital role in unloading of Na + from the xylem to the xylem parenchyma cells (XPCs) in roots (Mäser et al., 2002; Gong et al., 2004; Sunarpi et al., 2005; Davenport et al., 2007) , AtHKT1;1 is indirectly involved in mediating K + release from XPCs into xylem vessels since the retrieval of Na + by AtHKT1;1 possibly causes membrane depolarization of XPCs and triggers K + penetration into the xylem via membrane depolarization-induced K + efflux channels such as SKOR (Stelar K + outward rectifier) (Wegner and Raschke, 1994; Wegner and De Boer, 1997; Gaymard et al., 1998; Hauser and Horie, 2010; Guo et al., 2012 ). In our current study, under control conditions, the expression level of ZxHKT1;1 in roots in L7 was significantly lower by 28 % that in the WT; the addition of 50 mM NaCl significantly enhanced the expression level of ZxHKT1;1 in roots in both the WT and L7, but the relative increase was greater in the WT (80 %) than in L7 (53 %); under 50 mM NaCl, the expression level of ZxHKT1;1 in roots was significantly lower by 39 % in L7 than in the WT (Fig. 7B) . These Yuan et al. -ZxNHX controls Na + and K + homeostasis in Zygophyllum xanthoxylum Page 8 of 13 results indicate that ZxNHX silencing induced an inhibitory effect on the expression of ZxHKT1;1 in roots of Z. xanthoxylum.
It is well known that AKT1, as an inward-rectifying K + channel, mediates K + influx into root cells in many plants species (Lagarde et al., 1996; Hirsch et al., 1998; Gierth et al., 2005; Xu et al., 2006; Wang and Wu, 2013) . SKOR, a K + outward rectifying channel, has been proposed to mediate loading of K + from XPCs into xylem vessels (Wegner and Raschke, 1994; Wegner and De Boer, 1997; Gaymard et al., 1998; Johansson et al., 2006; Liu et al., 2006) . In our study, no significant difference in the expression level of ZxAKT1 or ZxSKOR in roots was observed between the WT and ZxNHX-silenced lines under control conditions (Fig. 7C, D) . However, 50 mM NaCl induced a significant increase (7-fold) in the expression level of ZxAKT1 in roots of the WT, but there was no change in its expression in L7 (Fig. 7C) . The addition of 50 mM NaCl significantly increased the expression level of ZxSKOR in roots in both the WT and ZxNHX-silenced lines, but the relative increase was much greater in the WT (21-fold) than in L7 (2-fold) (Fig. 7D) . These results suggested that the expression level of both ZxAKT1 and ZxSKOR in roots was downregulated by ZxNHX silencing under saline conditions.
DISCUSSION
ZxNHX is critical for controlling Na + and K + homeostasis by regulating their uptake, transport and spatial distribution in Z. xanthoxylum Previous studies showed that the tonoplast-located NHXs are critical for minimizing the cytoplasmic Na + concentration through the sequestration of Na + in vacuoles in many plants (Apse et al., 1999 (Apse et al., , 2003 Brini et al., 2007) . Recent research indicated that NHX1 and NHX2 from Arabidopsis are involved in the accumulation of K + into vacuoles of plant cells, thereby decreasing their osmotic potential and driving the uptake of water that generates the turgor pressure necessary for cell expansion and growth (Bassil et al., 2011; Barragán et al., 2012) ; and in particular the vacuolar accumulation of K + mediated by NHX1 and NHX2 in guard cells directly regulated stomatal activity (Andrés et al., 2014) . Our previous work indicated a positive correlation between upregulation of ZxNHX and Na + accumulation in leaves of Z. xanthoxylum exposed to salt and drought (Wu et al., 2011) , and it was found that the overexpression of ZxNHX significantly enhanced salt and drought tolerance in transgenic Lotus corniculatus by increasing accumulation of cations, especially Na + . However, none of these studies addressed the role of NHX proteins in relation to uptake and spatial distribution of Na + and K + at the whole-plant level. Our present results showed that ZxNHX silencing triggered a significant decrease in net Na + uptake rate, Na + accumulation and relative distribution in leaves, but increased the Na + distribution in roots and stems in Z. xanthoxylum under 50 mM NaCl (Figs 4 and 5) . Na + enters roots and is transported to shoots via the transpiration stream in the xylem. As much as 10-15 % of the surface area of xylem vessels is in contact with XPCs (Apse and Blumwald, 2007) and this large surface area can unquestionably accommodate the large quantities of ions and water that pass from roots to shoots (Tester and Davenport, 2003; Apse and Yuan et al. -ZxNHX controls Na + and K + homeostasis in Zygophyllum xanthoxylum Page 9 of 13 Blumwald, 2007) . To date, both passive and active models have been proposed in glycophytes for the transport mechanisms involved in Na + loading into the xylem (Wegner and Raschke, 1994; Shi et al., 2002; Wegner et al., 2011) . However, thermodynamically, passive Na + loading into the xylem ( probably via passive, channel-like, transport proteins) would occur only if the membrane potential of XPCs was less negative than -17 mV (Shabala and Mackay, 2011) . This seems not to be the case in halophytes since highly negative values (e.g. -130 to -140 mV) for halophyte XPCs have been reported (Anderson et al., 1977) . This might leave active Na + loading operated by SOS1 as the only option in halophytes (Shabala and Mackay, 2011; Adolf et al. 2013) and in plants such as Z. xanthoxylum which possesses a feature typical for salt-accumulating halophytes (Janz and Polle, 2012; Ma et al., 2012) . Indeed, it has been suggested that SOS1 and HKT located at the plasma membrane of XPCs may play crucial roles in regulating Na + transport from roots to shoots by mediating opposite fluxes of Na + across plasma membranes of XPCs (Olías et al., 2009; Hauser and Horie, 2010) . Guo et al. (2012) proposed a model to explain the co-ordinated function of SOS1 and HKT in regulating Na + and K + homeostasis in plants. Under mild salinity, when Na + accumulation in leaves is probably below the capacity of sequestering Na + into vacuoles (Blumwald et al., 2000) , it appears that the transport activities of SOS1 outweigh those of HKT at the plasma membrane of XPCs and Na + is loaded into the transpiration stream. When Na + in vacuoles of leaves reaches its maximum concentration, it seems that the transport activities of HKT exceed those of SOS1 at the plasma membrane of XPCs and, thus, Na + is unloaded from the xylem into XPCs (Guo et al., 2012) . For Z. xanthoxylum, Yue et al. (2012) found that 5 -100 mM NaCl in the medium significantly enhanced its growth, so (at the optimal salt concentration of 50 mM NaCl) ZxNHX efficiently compartmentalized Na + into vacuoles of leaves. Simultaneously, this induced a 620 % increase in transcripts of ZxSOS1 but only an 80 % increase in transcripts of ZxHKT1;1 in roots (Fig. 7A, B) . Therefore, the transport ability of ZxSOS1 for Na + exceeded that of ZxHKT1;1 and Na + was loaded into xylem ( Fig. 8A ) and delivered rapidly to shoots for osmotic adjustment (Wu et al., 2011; Ma et al., 2012) . However, when ZxNHX was silenced in L7, the capacity for sequestering Na + into vacuoles of leaves was weakened, which in turn regulated Na + long-distance transport from roots; 50 mM NaCl increased transcripts of ZxSOS1 by only 10 % whereas transcripts of ZxHKT1;1 increased by 53 % in roots of L7 (Fig. 7A, B) , and thus the ability of ZxHKT1;1 to transport Na + outweighed that of ZxSOS1, and Na + was unloaded from the xylem stream (Fig. 8B ). This combination of changes reduced the net Na + uptake rate (Fig. 5A) , Na + accumulation (Fig. 4A ) and relative distribution in leaves (Fig. 5B) by 40, 44 and 10 %, respectively, but increased the Na + distribution in roots and stems of L7 by 25 and 54 %, respectively (Fig. 5B) . In WT plants growing in 50 mM NaCl, ZxNHX efficiently compartmentalized Na + into vacuoles of leaves. NaCl at 50 mM induced a 620 % increase in transcripts of ZxSOS1 but only an 80 % increase in transcripts of ZxHKT1;1 in roots; consequently, Na + was loaded into the xylem and delivered to the shoots. (B) In a ZxNHX-silenced line (L7), the transcripts of ZxNHX in leaves were decreased by 45 % compared with the WT, which in turn regulated long-distance Na + transport from roots to shoots. NaCl at 50 mM increased transcripts of ZxSOS1 by only 10 %, whereas transcripts of ZxHKT1;1 increased by 53 % in roots of L7; thus, Na + was unloaded from the xylem stream.
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Our results also showed that silencing of ZxNHX triggered a significant decrease in K + accumulation in all the tissues under 50 mM NaCl (Fig. 4D-F) . This might be attributed to the downregulated expression of ZxAKT1 and ZxSKOR in roots of ZxNHX-silenced lines (Fig. 7C, D) . Downregulated expression of ZxAKT1 and ZxSKOR (Fig. 7C, D) may impair K + uptake and loading K + from XPCs into xylem vessels, and thus decrease K + transport from roots to shoots. As a result, the concentration of K + decreases in all the tissues (Fig. 4D-F) . It has been suggested that SOS1 plays a necessary role in protecting K + uptake mediated by AKT1, on which growth depends, and the elevated cytoplasmic Na + level resulting from loss of SOS1 function impairs K + uptake ability in root cells and compromises K + nutrition under salt stress (Qi and Spalding, 2004) . In our study, downregulated expression of ZxSOS1 in roots of ZxNHX-silenced lines (Fig. 7A ) may also be involved in the decrease of K + accumulation in plants. Taken together, these data suggested that ZxNHX is involved in regulating uptake and spatial distribution of not only Na + , but also K + , and maintaining their homeostasis by regulating the expression level of ZxSOS1, ZxHKT1;1, ZxAKT1and ZxSKOR in roots.
ZxNHX might be a key factor for maintaining the characteristic of salt accumulation in Z. xanthoxylum under saline conditions Salt-resistant plants have been categorized into salt-excluding, salt-secreting or salt-accumulating plants according to their physiological response in relation to ion selectivity (Wang et al., 2002; Munns and Tester, 2008) . Wang et al. (2002) proposed that the net selective transport capacity for K + over Na + from roots to shoots (ST value) is an important indicator distinguishing these three types of plants. Salt-excluding plants have the highest ST value while salt-secreting plants have the lowest, and in saltaccumulating plants the ST value lies between that of saltexcluding and salt-secreting plants (Wang et al., 2002) . Based on the evaluation of the ST value, we concluded that Z. xanthoxylum, just like the halophyte Suaeda salsa, is a saltaccumulating plant (Wang et al., 2004) . However, ZxNHXsilenced lines possessed a significantly higher ST value than the WT under 50 mM NaCl (Fig. 6C) , suggesting that the silencing of ZxNHX could convert Z. xanthoxylum from being a typical saltaccumulating plant to becoming a salt-excluding plant. As discussed above, ZxNHX controls the (opposite) Na + fluxes across the plasma membranes of XPCs by regulating the expression of ZxSOS1 and ZxHKT1;1 ( Figs 7A, B and 8) . In salt-accumulating plants like Z. xanthoxylum under saline conditions optimal for their growth, Na + could be efficiently compartmentalized by ZxNHX into vacuoles of leaves, thus inducing the higher expression level of ZxSOS1 over ZxHKT1;1. Thus, Na + is loaded into xylem (Fig. 8A) , resulting in a relatively lower ST value (Fig. 6C) . However, in the ZxNHX-silenced line, the capacity to sequester Na + by NHX into vacuoles of leaves is relatively weak, and hence, through feedback regulation, the transcription of ZxHKT1;1 is higher than that of ZxSOS1. Consequently, Na + is unloaded from the xylem stream (Fig. 8 B) , leading to a relative higher ST value (Fig. 6C) , thus impairing the characteristic of salt accumulation in Z. xanthoxylum. Therefore, we conclude that the activities of NHX, SOS1 and HKT synergistically determine the ST value in plants, and ZxNHX might play a key role in maintaining the characteristic of salt accumulation in Z. xanthoxylum under saline conditions. ZxNHX might be essential for normal growth and development of Z. xanthoxylum
Our results showed that silencing of ZxNHX had strong negative effects on plant growth; under 50 mM NaCl, dry weight and leaf area were significantly reduced in ZxNHX-silenced lines as compared with the WT (Fig. 2) . WUE, P n , g s and T r also decreased in ZxNHX-silenced lines in comparison with the WT under 50 mM NaCl (Fig. 3) , indicating that ZxNHX is involved in regulation of photosynthetic activity in leaves of Z. xanthoxylum. Ma et al. (2012) found that the significant stimulation of photosynthesis and growth in the presence of salt was strongly related to the enhancement of stomatal conductance. Franks (2006) found that the opening of stomata and leaf area development were strongly dependent on cell turgor, which in turn was determined by osmotic adjustment capacity. In fact, for Z. xanthoxylum, Na + has been proposed as a beneficial osmoregulatory substance accumulated in leaves for osmotic adjustment and could significantly increase chlorophyll concentrations (Wu et al., 2011; Ma et al., 2012; Yue et al., 2012) . In our study, the silencing of ZxNHX triggered a significant decrease in Na + concentration in leaves (Fig. 4A) , which resulted in a significantly increased C s under 50 mM NaCl. Consequently, osmotic adjustment capacity decreased and triggered a significant reduction in leaf tissue water content (Table 1 ) and this inhibited growth of Z. xanthoxylum. We also found that the K + concentration in all the tissues was significantly lower in ZxNHX-silenced lines than in the WT under 50 mM NaCl (Fig. 4D-F) , which might be another important reason why ZxNHX-silenced lines showed growth defects compared with the WT under 50 mM NaCl.
It is worth noting that ZxNHX silencing also carried inhibitory effects on plant growth even under non-saline conditions (Fig. 2) . Actually, it has been shown that the tonoplast-localized AtNHX1 and AtNHX2 proteins are essential for active K + uptake at the tonoplast, for osmotic adjustment and turgor regulation necessary for plant growth and organ development under normal conditions (Bassil et al., 2011; Barragán et al., 2012) , and they are also directly involved in the regulation of stomatal activity by mediating K + accumulation in the vacuoles of guard cells (Andrés et al., 2014) . In addition, several other cellular functions of AtNHX have also been suggested, including H + homeostasis and vesicle trafficking (Rodríguez-Rosales et al., 2009; Bassil et al., 2012; Andrés et al., 2014) . Studies to uncover whether ZxNHX is involved in these biological processes for regulating normal plant growth and development would be worthwhile.
In conclusion, our results demonstrate that ZxNHX is essential for controlling Na + and K + homeostasis at the whole-plant level through feedback regulation of the expression of genes involved in their transport, thereby maintaining the characteristic of salt accumulation in Z. xanthoxylum and regulating its normal growth.
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